Performing a surgical task on a beating heart requires superhuman skill as the surgeon must manually track the heart's motion while performing a surgical task. However, the ability to operate on a beating heart would eliminate the need to use a mechanical stabilizer or arrest the heart and connect the patient to a heart-lung machine and would consequently eliminate their side effects. This work develops the image processing and control structure for an ultrasound-guided robot-assisted beating heart surgical system that will move the surgical tool tip in synchrony with the heart. This would allow the surgeon to operate through teleoperation on a virtually stabilized point on the heart. In developing this system, the position data acquired from ultrasound images is upsampled and predicted ahead to compensate for the image acquisition and processing delay. We present the results of a user task based on mitral valve annuloplasty performed under ultrasound guidance.
Nomenclature EKF Extended Kalman filter POI Point of interest ROI Region of interest I X Position measurement X in the image frame R X Position measurement X in the robot framē X Time delayed value of X X Estimated value of X X Slowly sampled discrete value of X X Fast sampled discrete value of X D Distance between the surgical tool tip and the POI P P OI Position of the POI P S Position of the surgeon P T Position of the surgical tool tip
Introduction
The ability to operate on a freely beating heart offers many benefits to patients. Currently, if a surgical procedure is performed on a beating heart, a mechanical stabilizer is used to locally suppress the beating motion. However, mechanical stabilizers fail to eliminate all of the heart's beating motion and can damage the heart's tissue. 1 For complex procedures or ones performed inside the heart, the patient's heart is currently arrested and a heart-lung bypass machine circulates the patient's blood and ventilates the lungs. How-ever, this increases the patient's risk of stroke and can cause long-term cognitive loss. 2, 3 To date, performing a surgical procedure on a freely beating heart remains nearly impossible as the surgeon must manually compensate for the heart's beating motion while performing the surgical procedure. However, the ability to operate on a beating heart has the potential to improve the outcome of surgical procedures. For example, more than 300,000 people undergo mitral valve annuloplasty each year worldwide. 4 If securing this annuloplasty ring could be performed while the heart is still beating, the effectiveness of the newly reshaped valve could be evaluated immediately, which is not currently possible. The use of robotic assistance has the potential to greatly reduce the disturbing effects of heartbeat-induced motion during interventions. By controlling a surgical robot to move in synchrony with the point of interest (POI) on the beating heart, the POI can be made stationary with respect to the surgical robot's tool tip. Then, the surgeon could operate on a seemingly stationary heart via teleoperation. This will allow for safer, more effective interventions that can be evaluated on the fly in the operating room as the heart will continue beating throughout the procedure.
Prior Art
To provide meaningful assistance, the surgical robotic system must compensate for the physiological motion. The goal of the physiological motion compensation is to make the surgical tool tip follow the combination of the POI's and the surgeon's motion. Depending on the desired cardiac surgical procedure, the design of the robot-assisted beating heart surgical system will vary. However, certain components are common to all designs: a method of measuring the positions of the surgical tool tip and the POI on the heart, and a controller that moves the surgical tool tip in synchrony with the POI on the heart and then superimposes the surgeon's motion.
Control System Configuration
The POI motion measurement methods can be divided into two categories: (a) position sensors such as sonomicrometry crystals, and (b) image-based sensors, which includes cameras, endoscopes, and ultrasound imaging. The control system maintains a desired distance between the surgical tool tip and the heart tissue.
An alternative that does not require the surgical tool tip and the heart to remain in contact is to maintain a desired distance. In this scenario, the surgical tool tip will follow the motion of the heart tissue whether or not it is in contact with the heart tissue. Some methods first reduce the heart's physiological motion using a mechanical stabilizer; however, they are only useful for procedures on the outside of the heart and still can cause damage to the heart tissue. 1 Other proposed methods allow the heart to beat freely. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] To maintain a desired distance, the position of the heart tissue must be measured. One method is to use sonomicrometry crystals that are sutured to the heart tissue (case (a)). [5] [6] [7] [8] [9] Improved algorithms have reduced the data processing time in [9] , but this method still cannot be used in real-time. Alternatively, different types of images can be used (case (b)). For example, a 955 Hz camera is used for coronary artery bypass graft. 10 Later, a slower camera with a frame rate of 500 Hz and compensation for the one sample time of image processing delay is presented in [11, 12] . However, high-speed cameras and endoscopes can only visualize the outer surface of the heart and, therefore, are not feasible for procedures performed inside the heart such as valve repairs.
To visualize the interior of the heart through the opaque blood pool, medical images are needed. MRI or CT are expensive, difficult to have in an operating suite, and are not real-time modalities. Ultrasound images are more appropriate even though they have a slow frame rate, typically in the range of 20 to 60 Hz. This issue is compounded by the large ultrasound image acquisition delay and the subsequent image processing delay.
Surgical Tool Configuration
Previously, a hand-held surgical tool has been developed by Kettler et al. for mitral valve repair. 15 Processing the ultrasound image of the heart and surgical tool and subsequently servoing the tool in real-time based on the position data was developed by Novotny et al. in [16] and [17] , respectively. Finally, the control system that moved this hand-held tool in synchrony with the mitral valve was developed by Yuen et al. 14 A limitation of the hand-held tool approach is that if the hand-held surgical tool comes into contact with the heart, it is difficult to determine where the tool tip is.
The use of a hand-held tool does not take advantage of the benefits of teleoperated robotic surgery where the surgeon operates from a separate user console with a more ergonomic posture. In addition, teleoperation can enhance the surgeon's performance as the surgeon's motions can be scaled and hand tremors can be reduced. 18 With teleoperated tools, the position of the surgical tool can easily be recorded, which is much more difficult with hand-held tools. Having this trajectory data is important for skill assessment as the motion trajectories of experienced and nonexperienced surgeons can be compared as they complete the same task. 19 It is also important for enhanced documentation and the development of surgical simulation systems. Teleoperation is also important for training new surgeons as trilateral teleoperation systems allow experienced and non-experienced surgeons to operate a single slave robot (the surgical robot) together. 20 In the teleoperation mode, control of the surgical robot can also be split between between a control system and a surgeon if, for example, the surgical tool should not cross into a specific area. This split control could also maintain a desired contact force between an ultrasound probe and the patient, while the physician controls the other degrees of freedom of the probe's position to find the desired imaging plane. 21 
Robot Frame

Ultrasound
Probe Surgical Robot Previously, we proposed a teleoperated robotic surgical system in [22] , where a Smith predictor maintained the stability of the system despite the time delays. The time delays were introduced by a Micron Tracker used to measure the position of the surgical tool and the POI from images using its own software. In this paper, ultrasound images are used to measure the position of the POI and a detailed description of the required image processing is included. Also, [22] only tested the surgical tool's ability to synchronize with the POI's motion when the surgeon's motion was a preset trajectory that did not make the surgical tool come into contact with the POI. The image processing presented in this paper; however is developed such that motion tracking continues even when the surgical tool is in contact with the heart tissue and it is hard to differentiate the two in the ultrasound images. Previously, no user trials were performed in [22] . In this paper we conduct a user study on a task based on mitral valve annuloplasty under ultrasound guidance with a teleoperated motion-compensating beating-heart surgical robot.
This paper is organized as follows. The development of the robot-assisted surgical system is presented in Sec. 3. The image processing algorithm that finds the surgical tool tip and the POI in each ultrasound image is outlined in Sec 3.2. The POI's slowly sampled motion is then upsampled in Sec. 3.3. Finally, to compensate for the delays, the POI's motion is predicted ahead to the current time in Sec. 3.4. The experimental setup is described in Sec. 4 and the surgical task based on mitral valve annuloplasty is described in Sec. 4.1. The conclusion is presented in Sec. 5. Lines are then fit to the tool shaft and heart tissue in the remaining images, the edge of the heart tissue is found, the heart tissue ROI is updated, and the tool tip and POI locations are found.
Thresholding
System Development
The feedback control structure synchronizes the distance between the surgical tool tip and the POI. When designing this controller, either the controller itself must compensate for the delayed position measurements, or the delayed position measurements must be predicted forward to the current time before being fed to the controller. Previously, we took the former approach in [22] and [23] . In this work, a simpler controller will be used and the delayed position measurements are predicted forward to the current time. A diagram of the utilized feedback loop is given in Fig. 3 . The surgical tool tip's motion will be controlled to follow the combination of the estimated POI's motion and the surgeon's motion. First, the POI's motion is upsampled according to (1) as described below in Sec. 3.3, predicted ahead according to (3a and 8) as described below in Sec. 3.4, and converted into the robot's frame of reference to become RP P OI .
Predictive Feedback Control of the Surgical Robot
Ultrasound Imaging
To design a control system that will make the surgical tool tip follow the combined surgeon's and POI's motion, the surgeon's and the POI's motion must be measured. The surgical robot's position and hence the position of the surgical tool tip can be measured in the robot's frame of reference without a delay at a fast sampling rate from the surgical robot's encoders and is denoted R P T . The surgeon's motion can also be measured at this high sampling rate without any delay from the user console and is denoted R P S . As the surgeon's motion is assumed to be one-dimensional, the distance between the surgeon's hand position and the user console's zero position is the same distance the slave robot should move and hence, this measurement is considered to be in the robot's frame of reference. The POI's motion is measured in ultrasound images that are acquired at a slow sampling rate. The images need to be processed to find the location of the POI which means the measurements will be delayed and the POI's position is denoted IP P OI . For the proposed robot-assisted beating heart surgical system to perform procedures on the interior surface of the heart as well as the exterior surface, the imaging modality must be able to visualize the heart tissue through the opaque blood pool. For this reason, medical images were chosen despite the slow image acquisition rate. Ultrasound imaging is the most portable and least expensive medical imaging modality and hence, was chosen for this work. The purpose of the imaging is to locate the surgical tool and the POI, which is the point on the heart tissue the surgical tool is pointing directly towards. These position measurements will be found in the image frame as shown in Fig. 1 .
The image processing method presented in this paper does not require the use of any markers and is completed within one sample time of the image acquisition rate of 34 Hz. The image processing begins by applying a binary threshold to convert the gray-scale images to black and white images. The remaining processing is based on finding lines in the images as the shaft of the surgical tool is a straight rod. The image processing procedure is summarized in Fig The surgical tool, which has the shape of a long straight line, is found first in each image. In the first image, this is done using a Hough transform. The Hough transform converts the rectangular coordinates of each white point in the image into polar coordinates and a line is characterized by the perpendicular distance between the line and the origin (ρ) and the angle that ρ makes with respect to the horizontal (θ), as shown in Fig. 4 . All of the points on a single line have the same ρ and θ values. A ρ and θ pair is considered to represent a line if enough points in the image have been converted into this pair in polar coordinates. To find the correct line (as there will be multiple lines in the image), only a range of π 4 θ values surrounding where the surgical tool is expected to be is analyzed. The longest line found in this region is the surgical tool shaft. Throughout the procedure, the surgical tool is con-fined to one-dimensional motion. To reduce the processing time of the remaining images, a region of interest (ROI) is created in the area surrounding the determined location of the surgical tool and is set as the region of interest.
The Hough transform is a computationally expensive method of finding lines. In addition, as the tool shaft is a thick line, the longest line found by the Hough transform is not necessarily the centre line and may not be parallel with the tool shaft (e.g., the longest line may begin in the upper right corner of the tool and end in the lower left corner). To correctly identify the centre line of the tool shaft least squares regression is used in the remaining images, which minimizes the distance between the line and all of the candidate pixels. To minimize the computation time when identifying the candidate pixels contained within the ROI, the image is down-sampled and only every third column and third row are analysed. A line is then fit through these points using OpenCV's fitline(). 24 Once the tool's shaft has been identified, the surgical tool tip, IP T , is found by extending the line along the surgical tool shaft until the last candidate pixel point. Fig. 5 shows the result of finding the tool. The ROI surrounding the tool shaft is marked by the green lines, the center of the tool shaft is given by the purple line, and the tool tip is shown my the blue dot. The heart tissue is found in a manner similar to the tool's shaft. In the first image, a Hough transform identifies the longest line within a π 4 range of θ values perpendicular to the surgical tool shaft. A new ROI is then created to identify the area surrounding the heart tissue. In all subsequent images, the heart tissue is identified by fitting a line using least squares regression. Once again, to minimize the computation time when identifying the candidate pixels contained within the ROI, the image is down-sampled and only every third column and third row are analysed. Within every subsequent image, the candidate pixels on the upper edge of the heart tissue are identified and a straight line is fit through them. As the heart tissue moves continually, the ROI surrounding the heart tissue is updated after every image. Fig. 6 shows the result of finding the heart tissue. The ROI surrounding the heart tissue is marked by the light green lines, the edge of the heart tissue is given by the dark green line, and the centre line of the heart is given by the red line. The goal of the motion compensating controller is to maintain a desired distance between the tip of the surgical tool and the POI. Since the POI location is reported with a slow sampling rate (ultrasound image refresh rate) and is subject to the image acquisition and processing delays, it is denoted IP P OI . The location of the POI is found by extending the line through the surgical tool shaft and locating the first candidate pixel beyond the surgical tool's tip -the heart tissue. However, a difficulty arises when the surgical tool tip makes contact with the heart tissue. In this case, it is still possible to identify the shaft of the surgical tool, but not its tip location nor the location of the POI as the surgical tool and the heart tissue will appear as one solid object in the image. To separate the two, we begin by determining whether the surgical tool tip has collided with the heart. If the line identifying the tool shaft intersects with the line through the heart, there is a collision between the surgical tool tip and the heart tissue. In this scenario, the POI is identified by the intersection of the line found along the edge of the heart tissue and the line through the surgical tool shaft. Fig. 6 shows the location of the POI when the surgical tool and the heart do not touch -green dot in (a) -and when they do -pink dot in (b).
There are two main challenges to overcome when using ultrasound guidance: the slowly sampled data and the image acquisition and processing delay. To overcome these challenges, we propose to first upsample the position data using cubic interpolation based upsampling. Next the POI's motion is predicted ahead for the duration of the image acquisition and processing delay to the current time using an extended Kalman filter (EKF).
Heart Motion Data Upsampling
To take advantage of the robot's faster sampling rate, the slowly sampled POI position data will be upsampled using cubic interpolation to 100 Hz. Cubic interpolation was chosen because it upsamples the motion in a smooth fashion and is robust.
The following equation describes the cubic interpolated upsampled data points p(i):
where the h coefficients are as follows:
and p 0 and p 1 are the points in between which the interpolation is occurring, and m 0 and m 1 are the slopes at p 0 and p 1 , respectively. The interpolation variable i contains evenly spaced values between 0 and 1, and has a length of one greater than the number of points to be upsampled between the two slowly sampled points p 0 and p 1 . As four data points are required (points p 0 and p 1 and a data point on either side used to calculate the slope) to ensure that the upsampled signal and its first derivative are continuous, cubic interpolation involves a processing delay of 2n−1 fast sample times, where n is the number of samples added to the signal. The POI's motion, IP P OI is now estimated at the fast sampling rate, but it is still delayed.
Heart Motion Data Prediction
Once the position data has been upsampled, the POI's position must be predicted ahead to the current time to overcome the image acquisition and processing delay inherent in ultrasound-based POI motion tracking as well as the delay caused by cubic interpolation, which is 170 ms. Here an EKF is used for prediction as it allows for a changing heart rate and changing amplitude in the motion signal.
The signal model y(x(t)) for the POI's position is a Fourier series in which the coefficients can vary with time (3): 14, 25 y(
The EKF describing the POI's motion is based on the state space model (4) that evolves through random walk, where the offset c, the sine wave coefficients r l , and the frequency ω remain constant between samples. Only the θ l values are updated according to (3b) each sample time.
These values are later updated by the EKF based on the error between the predicted and actual measurement.
and µ(t) and υ(t) are independent Gaussian noise terms. Next, the EKF is updated at the fast sampling rate by the following equations as the POI motion was previously upsampled from the slow sampling rate:
where P(t) is the estimated covariance matrix, which is a [2m + 2] × [2m + 2] diagonal matrix with [0.001, 0.1/1, 0.1/2, ..., 0.1/l, 0.1, 0.2 1×m ] along the diagonal, Q is the process noise covariance matrix, which is also a [2m + 2] × [2m + 2] diagonal matrix with 0.0001 along the diagonal, σ 2 R is the observation noise covariance matrix, which is a scalar with a value of 0.01, and H(∆t) is
. . . sinθ m (t + ∆|t) r 1 (t + ∆t|t) cosθ 1 (t + ∆t|t)
. . .
where theˆsymbol denotes the estimated value.
To predict future POI positions, the state matrix x is multiplied j times by the update matrix F to move j steps ahead:x (t + j∆t|t + ∆t) = F(∆t) jx (t + ∆t|t)
The predicted position, IP P OI is found by calculating (3a) using the predicted x(t + j∆t|t + ∆t) found above.
As the POI's motion is confined to 1D, the direction of the axis of the surgical tool, it is converted to the robot's frame by converting the distance between the POI and the origin (common to both the image and robot frame) from pixels into mm to obtain RP P OI .
Experimental Setup
The experimental setup shown in Fig. 7 uses a 6 MHz 4DL14-5/38 linear 4D transducer connected to a Sonix-Touch ultrasound scanner (SonixTouch from Ultrasonix, Richmond, BC, Canada) as the image sensor, which has a low frame rate of 34 Hz. The depth of the images was 4.5 cm. The 2D ultrasound images were collected from the ultrasound scanner using a DVI2USB 3.0 frame grabber (Epiphan, Ottawa, ON, Canada). The entire image acquisition, processing delay and upsampling delay is 170 ms. A custom-built mechanical cam (simulated heart) generated the POI motion. The shape of the cam is based on the motion trajectory collected from the movement of a point on the side wall of the heart in a series of clinical ultrasound images of a patient's beating heart. The single degree-offreedom (DOF) surgical tool (surgical robot) is actuated by a voice coil motor (NCC20-18-020-1X from H2W Technologies Inc., Santa Clarita, CA, USA). To verify the results, real-time position measurements of both the mechanical cam and the robot were collected from two potentiometers (LP-75FP-5K and LP-30FP-1K from Midori America Corp., Fullerton, CA, USA); however the real-time measurement of the mechanical cam's motion was not made available to the controller. The entire system is controlled at a fast sampling rate of 100 Hz. For each trial, the heartbeat motion has a peak-topeak amplitude of 10 mm and a period of 64 bpm (1.07 Hz). Three error metrics are calculated for each trial: the mean absolute error (MAE) is |upsampled−actual| l , where l is the number of data points in the sample, the integral squared error (ISE) is (upsampled−actual) 2 l , and the peak error is the largest error at a single point in time. The results from each of the trials are summarized in Table 1 .
Ultrasound Probe
Staple Surgical Tool Fig. 8 . A staple that has been successfully deployed from the surgical tool into the phantom heart tissue.
Surgical Task
The surgical task presented simulates deploying a staple to secure an annuloplasty ring onto the mitral valve. If the mitral valve is not shaped properly, it may not seal when the ventricle contracts. This allows blood to flow backwards through the heart, making each heart beat less efficient. To correct this, the surgeon enters the heart through the left atrium. The sutures are placed around the mitral valve annulus, the annuloplasty ring is set in place, and the knots are tied. The newly shaped valve is then tested using water before the patients heart is restarted. 26 If securing this annuloplasty ring could be performed while the heart is still beating, the effectiveness of the newly reshaped valve could be evaluated immediately. This user study was approved by the University of Alberta's Research Ethics Office #Pro00055825. In this study, the participant is asked to deploy the staple into moving heart tissue. The participant moves the surgical tool through teleoperation by moving the stylus of a PHANToM Omni (Geomagic, Cary, NC, USA) -the user interface. The heart tissue is a piece of soft plastic visible under ultrasound. This simulated heart tissue is connected to the mechanical cam and moves in a quasi-periodic fashion -simulated heart. The surgical tool is rigidly attached to a stand and has a 5 cm range of motion. The ultrasound probe is positioned such that the simulated heart's motion and the motion of the surgical tool are visible. The participant views the motion of the simulated heart tissue and the surgical tool on the ultrasound screen. The last element is a button connected to the surgical tool which deploys the staple. An image of a successfully deployed staple is shown in Fig. 8 . This task is completed under two conditions: with and without motion compensation. For both conditions, the participants view the ultrasound video of the simulated heart tissue and surgical tool. While completing this task, the participant is told not to press the tool into the tissue such that the tissue deforms. Each participant successfully deployed three staples with motion compensation before beginning the trials. They were also allowed to practice under both conditions until they felt comfortable with the system before starting the trials. Each participant completed 10 trials, 5 with motion compensation and 5 without. The trials alternated between the two control conditions starting with motion compensation. If the surgical tool left an indent in the phantom tissue when the staple was deployed (see Fig. 9 ), the trial was counted as a failure and a penalty was assigned regardless of whether or not the staple deployment was successful. The trials included 10 participants who were not surgeons (2 females and 8 males) ages 21-30. When there was no motion compensation, the staple was successfully deployed in 28% of the trials and excessive force, leaving an indent in the tissue, occurred in 24.5% of the trials. When motion compensation was provided, the success rate more than doubled to 64% and the use of excessive force was reduced by half to 12% of the trials. The success rate of each participant is given in Fig. 10 and the rate of the use of excessive force is given in Fig. 11 . Fig. 12 . The result when motion compensation is provided. In case (a), the dashed pink line is the user's motion, the solid black line is the distance between the surgical tool tip and the heart tissue, and the red line is the error between these two. Case (b) shows the motion synchronization. Here, the surgeon's motions have been subtracted from the surgical tool tip's motion leaving the POI following portion of the surgical tool tip's motion -the solid black line. The heart's motion is the dotted pink line and the error between the two is the red line.
To compare the success rates we used a two-tailed ttest and obtained the p-value of the null hypothesis µ 1 = µ 2 for the 10 trials. 27 The probability of the results assuming the null hypothesis for the success of the staple deployment with and without compensation was 0.01 and for the use of excess force with and without compensation was 0.10. These results indicate that there was a significant difference between providing and not providing motion compensation with respect to the successful deployment of the staple, but not with respect to the use of excessive force.
When motion compensation was not provided, only 3 of the 10 participants, participants 3, 9, and 10 attempted to manually compensate for the heart's motion. These participants used excessive force in 40% of the trials, which is much higher than the average rate of 24.5%. The majority of the participants simply waited for the tissue to approach the tool tip and then deployed the staple at the correct time. This method is possible, because the staple can be deployed very quickly. However, the tasks in most surgical procedures cannot be performed so quickly and would hence have higher failure rates as this method would no longer be feasible. Fig. 13 . The result when no motion compensation is provided.
Here the user tries to manually compensate for the heart's motion. The surgical tool tip's motion is the solid black line, the heart's motion is the dotted pink line and the error between the two is the red line.
When motion compensation was provided, it was easier for the user to move the surgical tool towards the moving heart tissue. The user's motions for this case creates the pink line in Fig. 12a . The user's motion simply moves the surgical tool tip towards the heart tissue. The solid black line in this figure is the resulting distance between the surgical tool tip and the POI and the solid red line is the error. Part (b) of Fig. 12 shows the result of the motion compensation. Here, the surgeon's motion has been subtracted from the surgical tool tip's motion to remove the offset between the surgical tool tip and the heart tissue -the solid black line. The POI's motion is given by the dashed pink line and the error is given by the solid red line. The MAE tracking error when motion compensation is provided is 0.95 mm, the ISE tracking error is 3.58 mm 2 , and the absolute value of the peak tracking error is 3.58 mm. It is much harder for the user to follow the POI's motion when no motion compensation is provided. Fig. 13 shows the surgeon's motion -the solid black line and the POI's motion -the dashed pink line. It is quite obvious that the errors are quite large -the solid red line. The MAE tracking error when motion compensation is not provided is 4.33 mm, the ISE tracking error is 27.19 mm 2 , and the absolute value of the peak tracking error is 11.78 mm. 
Conclusion
Performing a surgical procedure on a freely beating heart is extremely difficult, and most surgical procedures are performed with the aid of a mechanical stabilizer or a heartlung bypass machine. However, these methods have serious side-effects. Alternatively, if the surgical tool could automatically move in synchrony with the POI on the heart and the surgeon's motions are superimposed through teleoperation, the surgeon would be able to operate on seemingly stationary tissue. This paper presents an image processing and control system for ultrasound-guided robot-assisted beating heart surgery for procedures such as mitral valve annuloplasty. As the position of the heart is measured from ultrasound images that are collected at a slow sampling rate, the position trajectory of the POI is first upsampled to 100 Hz. To overcome the time delay caused by ultrasound image acquisition and processing, the POI motion trajectory is predicted ahead to the current time using an EKF. To show the efficacy of this system, user trials simulating deploying a staple for mitral valve annuloplasty were conducted. The results indicate that the improvement in the success rate when motion compensation is provided is statistically significant. The success rate when motion compensation was not provided was aided by the fact that the participant did not need to follow the heart's motion to successfully deploy the staple. Rather, the participant could simply move the surgical tool to the furthest point in the heart's trajectory so the two came into contact once every beat. They then deployed the staple at the correct moment. This method was successful in this case; however, this method would not be successful for more complicated surgical procedures where the surgical tool must remain in contact with the heart for any length of time. The average and peak tracking error reported in this work, 0.95 mm and 3.58 mm, is similar to those reported in the literature. Sub-millimetre errors were reported when a 500 Hz camera measured the position of the POI and the time delay was limited to one sample time in [12] . The use of pre-recorded data resulted in average errors as low as 0.669 mm and peak errors as large as 4.3 mm in [5] . However, this method is not viable in real-time. The use of motion compensation after the heart is stabilized by a mechanical stabilizer resulted in small errors of 0.4 and 0.8 mm in the x and y directions and a peak error of 2 mm in the y-direction in [1] . However, this method does not let the heart beat freely. Finally, an average and peak error of 0.97 mm and 3.26 mm respectively was reported in [14] where the POI motion was measured from ultrasound images. A similar user task performed with a hand-held motion compensating surgical tool reported a success rate of 74% when motion compensation was provided and only 32% when motion compensation was not provided. 28 ical robotics, and image-guided surgery. Dr. Tavakoli is the lead author of Haptics for Teleoperated Surgical Robotic Systems (World Scientific, 2008).
